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Mixed function oxidasesAbstract The resistance status towards permethrin among the laboratory strain, the permethrin-
selected strain and four ﬁeld strains of Culex quinquefasciatus collected in Kuala Lumpur, Malaysia
was determined using three standard laboratory methods: WHO larval bioassay, WHO adult bio-
assay and biochemical microplate assay. Cx. quinquefasciatus permethrin-selected strain larvae were
the least susceptible to permethrin with a resistance ratio of 47.28-folds, whereas all ﬁeld strain lar-
vae of the same species were tolerant to permethrin with resistance ratios of more than 3-folds. In
contrast, in adult stage, the permethrin exposed permethrin-selected strain (resistance ratio = 1.27)
was found to be more susceptible to permethrin than all permethrin-exposed ﬁeld strains (resistance
ratios = 2.23–2.48). Complete mortalities for all strains of Cx. quinquefasciatus adults proved the
effectiveness of the synergist; piperonyl butoxide (PBO). For the biochemical microplate assay,
the reduction of the mean optical density of elevated oxidase activity of three ﬁeld strains upon
exposure to PBO conﬁrmed the association between oxidase activity and permethrin tolerance.
On the other hand, irregular patterns of the mean optical density of elevated oxidase activity in
242 O. Wan-Noraﬁkah et al.the laboratory strain, permethrin-selected strain and Jalan Fletcher strain illustrated the gene
variation within these mosquito colonies as well as the involvement of other enzyme activities in
the permethrin resistance occurred.
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Culex quinquefasciatus Say is an important urban nuisance
mosquito in many parts of the world (Lee et al., 1997). Cx.
quinquefasciatus is also an important target of mosquito con-
trol programs as it is able to transmit a multitude of pathogens
that infect both humans and other animals (Hardstone et al.,
2007; Gordon and Ottea, 2012). It is involved in the transmis-
sion of lymphatic ﬁlariasis in many countries and a potential
vector of urban bancroftian ﬁlariasis in Malaysia (Nazni
et al., 2005; Hidayati et al., 2008; Raghavendra et al., 2011;
Jones et al., 2012). Because of its inherent ability to resist
chemical insecticides, Cx. quinquefasciatus is also one of the
mosquito species most studied for insecticide resistance (Zerba,
1988).
At present, pyrethroids are still among the main insecticides
used in controlling mosquito populations worldwide. In Thai-
land and Malaysia, pyrethroids have been used extensively for
the insecticide treatment of bednets (ITN) and as indoor resid-
ual spray (IRS). The two most common compounds in use,
permethrin and deltamethrin, have shown to be effective in
both killing and eliciting behavioural avoidance responses
(irritancy and repellency) from mosquitoes (Chareonviriyap-
hap et al., 2003; Lee H.L., personal communication).
However, an uncontrolled use of pyrethroids has led to
ineffective vector control activities. This is because there is a
possibility that mosquitoes may have developed resistance to
pyrethroids due to selection pressure (Somboon et al., 2003).
Moreover, those already resistant to DDT may rapidly become
resistant to pyrethroid because of the possibility of cross-resis-
tance (Miller, 1988).
There are two major mechanisms of pyrethroid resistance in
insects: increases in the rate of metabolic detoxiﬁcation of the
insecticide, or changes in target site sensitivity which caused
the knockdown resistance (kdr) mutation (Brengues et al.,
2003). Metabolic detoxiﬁcation is often associated with
changes in monooxygenase activity, producing pyrethroid-spe-
ciﬁc resistance (Berge et al., 1998).
Many studies on permethrin resistance have been con-
ducted all over the world. For instance, development of per-
methrin resistance was found in the Cx. quinquefasciatus
collected from 19 counties throughout the USA (Liu et al.,
2009). Meanwhile, an incipient resistance to permethrin was
detected among Cx. quinquefasciatus collected from two ﬁlaria
endemic districts of Northern India (Kumar et al., 2011). Later
in 2012, Fofana et al. reported that Cx. quinquefasciatus col-
lected from four districts in the township of Yopougon, Abid-
jan were resistant to 1% permethrin. In Malaysia, permethrin
was found to be least effective against Cx. quinquefasciatus
(Vythilingam et al., 1992). Furthermore, Hidayati et al.
(2005) reported that permethrin resistance was developing at
a higher rate compared to malathion and temephos in Cx.
quinquefasciatus. This trend is similar to a study done by Nazni
et al. (1998) where the ﬁeld collected Cx. quinquefasciatus lar-vae, which were already resistant to malathion and permethrin,
showed a resistance ratio of 96.2-folds and 9.4-folds, respec-
tively in comparison to a susceptible laboratory strain, devel-
oped higher resistance to permethrin compared to malathion
after been subjected to selection pressure with malathion (eight
generations) and permethrin (nine generations). Another study
done by Nazni et al. (2005) also showed that Cx. quinquefasci-
atus has developed a high level of resistance to permethrin in
the Ampang Hill and Pantai Dalam with a resistance ratio va-
lue of 12.20 and 10.95, respectively.
Pyrethroids are frequently used in combination with syner-
gists, including piperonyl butoxide (PBO). A synergist can be
used to counter-measure pyrethroid resistance in insects
including mosquitoes. The main purpose of this study was to
determine the permethrin resistance status in the laboratory
susceptible, permethrin-selected and ﬁeld strains of Cx. quin-
quefasciatus. Besides, this study also attempted to evaluate
the synergistic effects of piperonyl butoxide (PBO) as well as
to determine the presence and the level of oxidases in the mos-
quitoes tested.2. Materials and methods
2.1. Mosquito test samples
Three strains of mosquitoes were used for this study i.e. labo-
ratory, permethrin-selected and ﬁeld strains of Cx. quinquefas-
ciatus. The laboratory strain which was used as a reference in
this study was originally collected in Penang, Malaysia and has
been maintained in the insectarium of the Institute for Medical
Research (IMR), Kuala Lumpur, Malaysia for more than
30 years. The colony has never been exposed to any insecti-
cides. Meanwhile, the permethrin-selected strain of Cx. quin-
quefasciatus was collected in Kuala Lumpur more than
10 years ago and constantly exposed to permethrin in each
generation at a concentration which caused about 50% mor-
tality (LC50). Only the ﬁrst generation (F1) of the ﬁeld strain
samples of Cx. quinquefasciatus was used in this study in order
to maintain the representation of the mosquitoes as ﬁeld strain
samples. The F702 of the laboratory and the F76 of the per-
methrin-selected strain were used in this study. The results of
the laboratory strain, permethrin-selected strain and Jalan
Fletcher ﬁeld strain were reported in previous studies by
Wan-Noraﬁkah et al. (2008).
All strains of Cx. quinquefasciatus adult mosquitoes were
fed daily with 10% sucrose solution. These colonies were
reared simultaneously in separate rooms and handled in the
same manner as outlined in the Standard Operating Procedure
of Medical Entomology Unit, IMR (ISO/IEC 17025) that had
been prepared by Medical Entomology Unit, IMR (2000). The
temperature of every colony’s room was maintained at
25 ± 2 C and 80% relative humidity (R.H.) (Division of
Medical Entomology, IMR, Kuala Lumpur, 2000a).
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The ﬁeld strain samples used in this study were obtained from
four different study sites in Kuala Lumpur, Malaysia: the
Institute for Medical Research (IMR) staff quarters in Jalan
Fletcher (N 0311.3840, E 10141.7690), Titiwangsa Zone; Ta-
man Melati (N 0313.4340, E 10143.5280), Setapak Zone; Vista
Angkasa (N 0306.7780, E 10139.7360), Klang Lama Zone;
and Desa Tasik (N 0313.2920, E 10143.5130), Cheras Zone.
2.3. Field strain mosquito collection
The human-landing-catch (HLC) technique was applied in col-
lecting the ﬁeld strain samples of Cx. quinquefasciatus. Infor-
mal consent was obtained from the collectors prior to
conducting HLC. Mosquitoes were collected using a small
glass tube immediately after they have landed but before bit-
ing. This technique was conducted at all study sites for 12 h
starting from 7 pm to 7 am the next day. All collected mosqui-
toes were immediately transported to the laboratory in the
morning and identiﬁed according to the Simple and Pictorial
Key to Common Genera of Mosquito Adults (Division of
Medical Entomology, IMR, Kuala Lumpur, 2000b). Only
Cx. quinquefasciatus mosquitoes were selected and reared as
zero generation (F0) in the laboratory for this study. The col-
lection was conducted few times until sufﬁcient numbers of Cx.
quinquefasciatus F0 were obtained for the purpose of rearing in
the laboratory to produce the ﬁrst generation (F1) that had
been used for this study. Captured Cx. quinquefasciatus F0
were supplied with caged white mice for blood-feeding. After
three days, a porcelain bowl half-ﬁlled with seasoned water
was introduced for oviposition. Rafts of eggs laid were allowed
to hatch in a tray of seasoned water containing ground mice
chow until the larvae emerged. Some of the early fourth
(4th) instar larvae of F1 were used in the testing, while the rest
were reared until they pupated. Pupae were collected in a bowl
and transferred to emergence cages. These adult mosquitoes of
Cx. quinquefasciatus F1 were provided with 10% sucrose solu-
tion to feed on. Only sucrose-fed 3–5 day old adult female Cx.
quinquefasciatus were used in both adult bioassay and bio-
chemical microplate assay undertaken.
2.4. Insecticide
For larvae testing, a commercial grade of permethrin (10.9% a.i.
w/v) was used. For testing of adult mosquitoes, a diagnostic dos-
age of permethrin impregnated papers (0.75%) was used.
2.5. Selection of permethrin-selected (resistant) strain
Constant selection pressure for resistance to permethrin was
conducted at the concentration that caused 50% mortality
(LC50) to obtain the permethrin-selected strain. The progress
of selection was monitored using the WHO diagnostic test
(World Health Organization, 1998).
2.6. Preparation of piperonyl butoxide (PBO) impregnated
papers
Impregnated papers of piperonyl butoxide (PBO) as a syner-
gist were prepared locally as described by Herath and David-son (1981) with a ratio of 1:5 (permethrin: PBO) (Kumar
et al., 1991). A similar procedure was applied for ﬁlter papers
used for the control except that these ﬁlter papers were soaked
in absolute ethanol.
2.7. WHO larval bioassay
The larval bioassay was carried out based on the standard
WHO susceptibility or resistance test protocol (World Health
Organization, 1981). Twenty-ﬁve (25) early fourth (4th) instar
larvae were introduced into a 250 ml test solution of permeth-
rin and ethanol mixture in a 300 ml paper cup for 24 h. The
concentrations were obtained by diluting commercial grade
of permethrin stock solution (10.9% a.i. w/v) with absolute
ethanol. For the control, 1 ml of absolute ethanol was added
into 249 ml distilled water. Different concentrations of per-
methrin were used in this bioassay based on 10%–90% mortal-
ity caused by them. The tests were replicated three times per
concentration. The mortality of larvae was observed after
24 h. These larvae were considered dead if they sank to the
bottom of the paper cups and failed to move or ﬂoat after
being probed (Kasai et al., 2007; Hardstone et al., 2009).
2.8. WHO adult bioassay
The adult mosquito bioassay was conducted based on the stan-
dard WHO susceptibility or resistance test protocol (World
Health Organization, 1981). Fifteen (15) sucrose-fed 3–5 day
old adult female mosquitoes per replicate were used for this
bioassay. This test was divided into three different bioassays
with a similar test procedure but using different types of
impregnated papers. The ﬁrst bioassay consisted only the
exposure of the mosquitoes to the permethrin impregnated pa-
pers with diagnostic dosage (0.75%) as recommended by
WHO. Mosquitoes used for the second bioassay were only ex-
posed to the impregnated papers of PBO. The third bioassay
required the mosquitoes to be exposed to the impregnated pa-
pers of PBO prior to exposure of 0.75% permethrin impreg-
nated papers. There were three (3) replicates per bioassay
including the control. For the control, impregnated-papers
containing 1 ml ethanol were used. All mosquitoes used for
this test were exposed to the diagnostic dosage of permethrin
and/or PBO for the respective exposure period. Cumulative
mortality counts were recorded every minute within the expo-
sure time. After the exposure period, the mosquitoes were held
for a 24 h recovery period before the mortality was recorded
again. Sucrose solution was provided for the mosquitoes. All
survivors were then collected and kept in the freezer at
70 C before being used in the enzyme microplate assay.
2.9. Biochemical microplate assay
The biochemical assay for mixed function oxidase (MFO)
activities was conducted according to Brogdon et al. (1997)
and modiﬁed by Nazni et al. (2000). All survived adult mosqui-
toes from bioassay tests kept at 70 C were prepared. Every
single adult mosquito was homogenized individually in 100 ll
sodium acetate buffer in a microcentrifuge tube at 4 C using a
pestle. Another 900 ll of buffer was added to a total of 1 ml.
Using a micropipette, 100 ll homogenate was transferred to
each well of microtiter plate. A total of four (4) replicate
Figure 1 Comparative LC50 values for six strains of Culex quinquefasciatus larvae exposed to permethrin.
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obtained for this assay. Therefore, four (4) wells of microtiter
plate were used per adult mosquito. Two hundred (200) ll of
3,305,50-tetramethylbenzidine (TMBZ) solution which is a sub-
strate solution was added to each well of the microtiter plate
and left for 1 min. Twenty-ﬁve (25) ll of 3% hydrogen perox-
ide solution which is an indicator solution was added into each
well of the microtiter plate. Change of colour reaction took
place immediately. The microtiter plate was incubated for
10 min before being read using an immunoassay (ELISA)
reader (Dynatech MR 5000) at a wavelength of 630 nm. The
presence and level of MFOs quantitatively were indicated by
the colour intensity which is also directly proportional to the
activity of MFOs.
2.10. Data analysis
If the control mortality was between 5% and 20%, the percent-
age mortality was corrected by Abbott’s formula (1925). Data
obtained from all tests were subjected to a probit analysis com-
puter programme and the lethal time50 (LT50) was obtained
(Raymond, 1985). Resistance ratios of permethrin-selected
and all ﬁeld strains were calculated using the following for-Table 1 LC50 values for all strains of Culex quinquefasciatus larvae
Species Culex quinqu
Strain Generation LC50 (mg/L)
Laboratory susceptible strain 1 (F 702) 0.46 (0.34–0.5
Permethrin-Selected strain 1 (F 76) 21.75 (20.22–
Field strains
Jalan Fletcher 1 (F 1) 1.62 (1.52–1.7
Taman Melati 1 (F 1) 1.73 (1.62–1.8
Vista Angkasa 1 (F 1) 1.78 (1.66–1.9
Desa Tasik 1 (F 1) 1.69 (1.58–1.8
C.L. = Conﬁdence Limit (95%).mula: resistance ratio (RR) = LT50 or LC50 of the permeth-
rin-selected or ﬁeld strain/LT50 or LC50 of the laboratory
susceptible strain. The value of RR> 1 indicated the presence
of resistance while the value of RR 6 1 indicated the suscepti-
bility of mosquitoes towards permethrin (Cochran, 1995). For
the synergistic effect of PBO, the following formula was used:
synergistic ratio (SR) = LT50 or LC50 of the permethrin/LT50
or LC50 of the PBO + permethrin. An immunoassay reader
was used to detect the mean optical density (O.D.) of enzyme
oxidases in these mosquitoes.
3. Results and discussion
For larval bioassay, the permethrin-selected strain showed the
highest LC50 value with 21.75 mg/L compared to the labora-
tory susceptible strain with 0.46 mg/L (Fig. 1). The LC50 val-
ues for all four ﬁeld strains ranged between 1.62 mg/L and
1.78 mg/L, respectively. Therefore, the resistance ratios for
all ﬁeld strains of Cx. quinquefasciatus were more than 3-folds
while the resistance ratio for the permethrin-selected strain was
47.28-folds (Table 1). Results obtained for ﬁeld strains showed
that these mosquito larvae were tolerant to permethrin. On the
other hand, the permethrin resistance was developing at theexposed to permethrin.
efasciatus
95% C.L. Regression line Resistance ratio (RR)
5) Y= 1.97x14.03
23.18) Y= 4.98x51.44 47.28
2) Y= 5.34x49.53 3.52
5) Y= 4.91x45.28 3.76
1) Y= 4.95x43.89 3.87
2) Y= 4.16x42.14 3.67
Figure 2 Comparative LT50 values for six strains of adult Culex quinquefasciatus exposed to permethrin alone and PBO + permethrin.
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ciatus larvae with the resistance ratio of 47.28-folds at the ac-
tual ﬁlial generation of F 76, compared to the laboratory
susceptible strain and all ﬁeld strains of Cx. quinquefasciatus
larvae, respectively. According to Brown and Pal (1971), a
10.0-fold increase in LC50 is necessary to indicate resistance
in mosquito larvae, whereas Sames et al. (1996) suggested that
resistance ratios which approach 10.0 indicate that the popula-
tions of mosquito larvae tested are beginning to develop resis-
tance while resistance ratios that are greater than 10.0 indicate
that a signiﬁcant level of resistance is present in the
population.
Nevertheless, regardless of the mosquito strain, the resis-
tance ratio of Cx. quinquefasciatus larvae recorded in this
study that ranged between 3.52 and 47.28-folds is relatively
low compared to the reported resistance ratio of Cx. quinque-
fasciatus towards permethrin exposure in Martinique (9.7–
2800-folds) (Yebakima et al., 2004; Hardstone et al., 2007),
Saudi Arabia (2500-folds) (Hardstone et al., 2007), Tanzania
(5–10-folds) (Kolaczinski and Curtis, 2004; Hardstone et al.,
2007), New York (6–7-folds) (Paul et al., 2004; HardstoneTable 2 LT50 values for all strains of Culex quinquefasciatus adult
(PBO) + permethrin.
Species Culex quinquefasciatus
Exposure Permethrin
Strain Generation LT50 (min) 95% C.L. Regr
Laboratory susceptible strain 1 (F 702) 19.63 (18.31–21.03) Y=
Permethrin-selected strain 1 (F 76) 24.98 (23.14–26.77) Y=
Field strains
Jalan Fletcher 1 (F 1) 43.87 (37.25–50.22) Y=
Taman Melati 1 (F 1) 48.42 (43.91–52.77) Y=
Vista Angkasa 1 (F 1) 48.71 (42.07–54.97) Y=
Desa Tasik 1 (F 1) 46.50 (41.60–51.17) Y=
PBO= Piperonyl butoxide (Synergist) RR= Resistance Ratio SR = Syet al., 2007), Tunisia (1.5–9092-folds) (Daaboub et al., 2008)
and La Reunion Island (28–54-folds) (Tantely et al., 2010).
Meanwhile, the LT50 values for all strains of Cx. quinque-
fasciatus which consisted of the permethrin exposed and
PBO + permethrin exposed adult mosquitoes are illustrated
in Fig. 2 and Table 2, respectively. The LT50 values for all per-
methrin exposed ﬁeld strains were more than 40 min compared
to the permethrin exposed laboratory susceptible strain
(19.63 min) and permethrin-selected strain (24.98 min), respec-
tively. The resistance ratio of the permethrin-exposed strains
ranged between 1.27 and 2.48-folds, while the synergistic ratio
of the PBO + permethrin exposed same species and strains
ranged between 1.63 and 2.13-folds, respectively. Results ob-
tained demonstrated low permethrin resistance within these
mosquito populations.
However, in contrast with the observation in the larval
stage, the LT50 values for the permethrin exposed permeth-
rin-selected strain were about 1.9 times lower than the LT50
values for all permethrin exposed ﬁeld strains of the same spe-
cies tested. These ﬁndings could be due to the gene variation in
Cx. quinquefasciatus permethrin-selected strain used in thismosquitoes exposed to permethrin alone and piperonyl butoxide
PBO (synergist) + permethrin
ession line RR LT50 (min)95% C.L. Regression line SR
5.91x61.74 - 13.46 (12.41–14.49) Y= 6.28x64.90 1.46
5.89x62.12 1.27 13.97 (12.68–15.25) Y= 4.47x44.80 1.79
2.82x27.84 2.23 20.60 (18.60–22.54) Y= 3.00x28.94 2.13
2.81x27.84 2.47 29.78 (26.50–32.91) Y= 3.13x30.90 1.63
1.84x16.50 2.48 27.65(24.72–30.47) Y= 3.58x35.95 1.76
2.53x24.54 2.37 25.68 (22.73–28.50) Y= 3.28x32.42 1.81
nergistic Ratio C.L. = Conﬁdence Limit (95%).
Table 3 Mortality of all strains of Culex quinquefasciatus tested with the WHO adult bioassay method.
Species Strain Generation Mortality After 24 h (% mortality)
Exposure Non exposure
(control)
PBO Permethrin PBO + Permethrin
Culex quinquefasciatus Laboratory susceptible strain 1 (F 702) 0 0 100 100
Permethrin-selected strain 1 (F 76) 0 0 100 100
Field strain Jalan Fletcher 1 (F 1) 0 0 95.56 100
Field strain Taman Melati 1 (F 1) 0 0 91.11 100
Field strain Vista Angkasa 1 (F 1) 0 0 93.33 100
Field strain Desa Tasik 1 (F 1) 0 0 93.33 100
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permethrin resistance level within all ﬁeld strains of Cx. quin-
quefasciatus was 2 times higher than the permethrin-selected
strain of the same mosquito species.
Comparing the results obtained with previous studies con-
ducted locally, the range of LT50 values for all strains of Cx.
quinquefasciatus in this study (19.63–48.71 min) was relatively
high. Lee et al. (1997) reported that the 50% of knockdown
time (KT50) for the permethrin exposed Cx. quinquefasciatus
ﬁeld strains collected from six different localities in Penang,
Malaysia was only in the range of 9.3–15.0 min with the range
of resistance ratio between 1.0 and 1.8-folds. However, results
obtained in this study were in line with foreign studies by
Komalamisra et al. (2006) who found that the LT50 value for
permethrin exposed Cx. quinquefasciatus which were collected
from tsunami-affected areas of Thailand was 33.1 min.
Nevertheless, an exposure to PBO prior to permethrin per-
formed in this study had positively affected the permethrin
resistance mechanisms in all strains of Cx. quinquefasciatus
adult mosquitoes tested as indicated by the reduction in their
LT50 values. The highest reduction of LT50 value was observed
in Jalan Fletcher ﬁeld strain with 2.13 times of reduction while
the lowest reduction of LT50 value was observed in the labora-
tory susceptible strain of Cx. quinquefasciatus with 1.46 times
of reduction.
As described above, the exposure to the synergist; PBO
prior to permethrin in the WHO adult bioassays conducted
had successfully suppressed the mechanism of permethrin
resistance in all strains of Cx. quinquefasciatus tested. These
ﬁndings not only proved the presence of permethrin resistance
within these mosquito populations but also the effectiveness of
the synergist; PBO as an oxidase-inhibitor. Furthermore, the
lower LT50 values recorded for PBO + permethrin exposed
adult mosquito strains and species tested in this study com-
pared to the same populations exposed to permethrin alone
indicated that the permethrin resistance which occurred in
these mosquitoes was caused by the oxidase activity. In other
words, the knockdown resistance (kdr) alleles which are asso-
ciated with the mutation of the sodium channel in mosquitoes
were not yet present in the permethrin resistance of these mos-
quitoes so far. These ﬁndings were further conﬁrmed through
the enzyme microassay tests.
In addition, Table 3 showed the cumulative 24 h mortality
percentage of WHO adult bioassay for all strains of Cx. quin-
quefasciatus tested. The mortality for all permethrin exposed
Cx. quinquefasciatus ﬁeld strains ranged between 91.11% and
95.56%, respectively, whereas, both laboratory susceptible
strain and permethrin-selected strain showed 100% cumulativemortality after the exposure to both permethrin alone and
PBO + permethrin. These results indicated the presence of
permethrin resistance in all ﬁeld strains of Cx. quinquefasciatus
tested. Their permethrin resistance level was found to be al-
most equivalent to the permethrin resistance level of the
ﬁeld-collected Cx. quinquefasciatus Tehran strain with 98.0%
mortality (Vatandoost et al., 2004). However, all permethrin-
exposed Cx. quinquefasciatus ﬁeld strains used in this study
were found to be more susceptible compared to Cx. quinque-
fasciatus of Pathum Thani strain, Nonthaburi strain and Bang-
kok strain of Thailand which demonstrated high levels of
resistance towards permethrin with 67.4 ± 2.4%,
72.4 ± 0.4% and 80.6 ± 1.7% mortality, respectively (Thani-
spong et al., 2008). Besides, higher mortality rate was also re-
corded in Cx. quinquefasciatus Baan Suan strain of Thailand
with mortality rate of 10.1% which indicated that this strain
was highly resistant to permethrin (Sathantriphop et al., 2006).
Nevertheless, complete mortalities were observed when all
strains of Cx. quinquefasciatus used in this study were exposed
to PBO + permethrin. Hence, these ﬁndings as well as the re-
sults of resistance ratios obtained for the respective mosquito
populations exposed to permethrin alone had certainly sug-
gested that oxidase activity could be the basis of permethrin
tolerance occurred in these populations (Nazni et al. (2000)).
For biochemical microplate assay, the mean optical density
of elevated oxidase for all strains of Cx. quinquefasciatus ran-
ged between 0.46 and 0.69 at 630 nm, respectively (Table 4).
The difference of the mean optical density of elevated oxidase
of these mosquitoes was signiﬁcant (p< 0.05). Both the non-
exposed Taman Melati ﬁeld strain and Vista Angkasa ﬁeld
strain showed the highest resistance ratio (1.50-folds) while
the non-exposed permethrin-selected strain and Jalan Fletcher
ﬁeld strain presented the lowest resistance ratio of 1.37-folds,
respectively. The pre-exposure to PBO reduced the mean opti-
cal density of elevated oxidase in the Taman Melati ﬁeld strain
(0.47), the Vista Angkasa ﬁeld strain (0.53) and the Desa Tasik
ﬁeld strain (0.43) but not in the laboratory susceptible strain
(0.64), the permethrin selected strain (0.75) and the Jalan
Fletcher ﬁeld strain (0.96), respectively. The difference among
the mean optical density of elevated oxidase activity among
these PBO-exposed colonies was also signiﬁcant (p< 0.05).
This study demonstrated an inconsistent pattern of the oxi-
dase level in all strains of Cx. quinquefasciatus mosquitoes,
compared to the results of both WHO larval bioassay and
WHO adult mosquitoes bioassay obtained for the same mos-
quito populations. For instance, the permethrin-selected strain
of Cx. quinquefasciatus showed a clear difference in LC50 value
and LT50 value which also leads to different resistance ratios
Table 4 Mean of oxidase activity at absorbance 630 nm in Culex quinquefasciatus adult unexposed and exposed to piperonyl butoxide
(PBO).
Species Culex quinquefasciatus
Exposure Non exposure PBO
Strain Generation Mean ± SE
(absorbance
at 630 nm)
Resistance
ratio (RR)
One way
ANOVA
Mean ± SE
(absorbance
at 630 nm)
One way
ANOVA
Laboratory susceptible strain 1 (F 702) 0.46 ± 0.04 – F= 5.66 p< 0.05 0.64 ± 0.04 F= 39.80 p< 0.05
Permethrin-selected strain 1 (F 76) 0.63 ± 0.04 1.37 0.75 ± 0.04
Jalan Fletcher 1 (F 1) 0.63 ± 0.03 1.37 0.96 ± 0.04
Taman Melati 1 (F 1) 0.69 ± 0.02 1.50 0.47 ± 0.02
Vista Angkasa 1 (F 1) 0.69 ± 0.04 1.50 0.53 ± 0.02
Desa Tasik 1 (F 1) 0.65 ± 0.04 1.41 0.43 ± 0.02
PBO= Piperonyl butoxide (synergist) SE = Standard error.
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However, the biochemical enzyme microassay conducted
showed that the oxidase level in the permethrin-selected strain
of Cx. quinquefasciatus was not much different from the oxi-
dase level in the ﬁeld strains of the same species. Hence, a sim-
ilar suggestion as to the results of both WHO larval bioassay
and WHO adult mosquito bioassay could be proposed where
gene variation existed in certain mosquito populations em-
ployed for this study.
All ﬁeld strains except the Jalan Fletcher ﬁeld strain of Cx.
quinquefasciatus demonstrated a lower oxidase level when ex-
posed to PBO. Moreover, the resistance ratios of the same
strains without any exposure either to PBO or permethrin were
more than 1.0-fold. These results showed that these strains
were exhibiting low resistance to permethrin but could be re-
duced by PBO – suggesting the involvement of oxidases (Mal-
colm, 1988; Daaboub et al., 2008).
On the other hand, laboratory susceptible strain and per-
methrin-selected strain of Cx. quinquefasciatus did not demon-
strate a reduction in the oxidase level after the same mosquito
populations were exposed to PBO. Therefore, these results
showed that the permethrin resistance within these mosquitoesFigure 3 Correlation of LC50 values of permethrin and oxidaswas not fully reduced by oxidase-inhibiting synergist due to
multigenic inheritance (Malcolm, 1988). In other words, these
mosquito colonies had not yet been selected for a complete
homozygosity of either susceptible or resistant (Malcolm,
1988).
In addition, according to previous pyrethroid resistance
studies conducted worldwide, if the same level, low reduction
or no reduction of oxidase level in mosquitoes was expressed
after the exposure to the synergist such as PBO, it could also
be subjected to the involvement of other enzyme activities. Be-
sides the involvement of MFOs, common insecticide resistance
mechanisms in insect pests against pyrethroids include elevated
non-speciﬁc esterases, and reduced sensitivity of sodium ion
channels along nerve axons (Oppenoorth, 1985; Georghiou,
1986; Nelson et al., 1996; Roberts and Andre, 1994; Feyerei-
sen, 1999; Chareonviriyaphap et al., 2003). Moreover, in-
creased levels of glutathione-S-transferases (GSTs) have also
been associated with conferring pyrethroid inhibition in many
insect species including mosquitoes (Chareonviriyaphap et al.,
2003). Nevertheless, in the case of this study, the involvement
of the knockdown resistance (kdr) caused by the mutation in
sodium ion channels could not be conﬁrmed based on com-e level for six strains of Culex quinquefasciatus (r= 0.543).
Figure 4 Correlation of LT50 values of permethrin and oxidase level for six strains of Culex quinquefasciatus (r= 0.971).
248 O. Wan-Noraﬁkah et al.plete cumulative mortalities presented in all strains of Cx. quin-
quefasciatus used in this study after the exposure to PBO +
permethrin in the WHO adult bioassay.
Other than that, any correlation between the LC50 values
and LT50 values with the oxidase levels in all strains of Cx.
quinquefasciatus tested had also been evaluated. Low correla-
tions were also presented between LC50 values and oxidase lev-
els in all strains of Cx. quinquefasciatus (r= 0.543; p> 0.05),
respectively (Fig. 3). For adult mosquitoes tested, strong corre-
lations were also observed between LT50 values of permethrin-
exposed and oxidase levels in Cx. quinquefasciatus (r= 0.971;
p< 0.02) (Fig. 4). Not only that, similar results were obtained
for the correlation between LT50 values of PBO + permethrin
exposed and oxidase levels in all mosquito species, respectivelyFigure 5 Correlation of LT50 values of PBO + permethrin and ox(Fig. 5). Results attained in this study were in line with the pre-
vious studies by Kumar et al. (1991) who conﬁrmed that there
was a signiﬁcant correlation between oxidase activity and LC50
in various strains of Cx. quinquefasciatus that they tested.
In conclusion, this study demonstrated that most of these
Cx. quinquefasciatus populations tested especially the permeth-
rin-selected strains and the ﬁeld strains had developed a low le-
vel of resistance to permethrin. The level of permethrin
resistance in all ﬁeld strains that were found to be quite parallel
to one another could be due to the fact that the vector control
programs conducted in all study areas selected are mainly
administrated by the Health and Environment Department
of Kuala Lumpur City Hall. Hence, it is likely that almost sim-
ilar control methods are applied in these study areas.idase level for six strains of Culex quinquefasciatus (r= 0.971).
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are all within Kuala Lumpur was high and convenient for hu-
mans as well as insects like mosquitoes. Therefore, immigration
and emigration factors could indirectly affect and correlate the
status of permethrin resistance among these study areas.
In addition, the use of synergist PBO and the biochemical
enzyme microassay performed in this study showed the
involvement of detoxifying enzymes; mixed function oxidases
(MFOs) in the permethrin resistance development among all
strains of Cx. quinquefasciatus tested. An inconsistent pattern
of oxidase level in certain strains not only showed the possibil-
ity of the gene variations within these mosquito populations
but also suggested that besides oxidase activity, other enzyme
activities such as over-expression and increased production of
non-speciﬁc esterases, glutathione-S-transferases (GSTs) and
reduced sensitivity of sodium ion channels on the nerve mem-
brane which is the target site for DDT and pyrethroids that
leads to the knockdown resistance (kdr) could also contribute
to the permethrin resistance mechanism in these mosquito
populations as described by Chareonviriyaphap et al. (2003).
Nevertheless, the involvement of target site insensitivity in
the development of permethrin resistance among all strains
of Cx. quinquefasciatus tested could be discounted as the use
of PBO was still found to be effective in this study.
Even though the permethrin resistance level demonstrated
in all strains of Cx. quinquefasciatus tested was far below than
other strains of Cx. quinquefasciatus collected in other regions,
serious attention and actions should still be undertaken as
these mosquitoes may develop resistance in the future at a fast
rate. Results obtained from bioassays and biochemical enzyme
assays should be wisely used to improve the current resistance
management conducted. Furthermore, advanced molecular
work to understand the involvement of genes in pyrethroid
resistance is strongly suggested to be performed in collabora-
tion between different universities and research institutions in
order to obtain more signiﬁcant ﬁndings that could be shared
and beneﬁted by all countries throughout the world.Acknowledgements
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